Enhanced magnetism of Cu$_n$ clusters capped with N and endohedrally
  doped with Cr by Datta, Soumendu et al.
Enhanced magnetism of Cun clusters capped with N and endohedrally doped with Cr
Soumendu Datta, Radhashyam Banerjee, and Abhijit Mookerjee∗
(Dated: March 13, 2018)
The focus of our work is on the production of highly magnetic materials out of Cu clusters. We
have studied the relative effects of N-capping as well as N mono-doping on the structural stability
and electronic properties of the small Cu clusters using first principles density functional theory
based electronic structure calculations.
We find that the N-capped clusters are more promising in producing giant magnetic moments, such
as 14 µB for the Cu6N6 cluster and 29 µB for the icosahedral Cu13N12 clusters. This is accompanied
by a substantial enhancement in their stability. We suggest that these giant magnetic moments of
the capped Cun clusters have relevance to the observed room temperature ferromagnetism of Cu
doped GaN. For cage-like hollow Cu-clusters, an endohedral Cr-doping together with the N-capping
appears as the most promising means to produce stable giant magnetic moments in the copper
clusters.
PACS numbers: 36.40.Cg, 73.22.-f,71.15.Mb
I. INTRODUCTION
The low coordinated surface atoms of transition metal
nano-clusters play a significant role in deciding their mag-
netic properties. Surface adsorption of gaseous molecules
directly affects the electronic properties of the surface
atoms in clusters and influences their overall magnetic
properties. Chemisorption of gaseous molecules on the
surface of transition metal nano-clusters and its effects,
particularly on magnetic properties, has attracted atten-
tion in recent experimental as well as theoretical works.
Several studies have revealed spectacular variations of
cluster magnetism depending on the types of chemical
species and the nature of interactions between the sur-
face atoms and the adsorbed species. For example, the
molecular beam deflection experiment by Knickelbein’s
group revealed enhanced magnetic moment for hydro-
genated Fen clusters as compared to pristine ones, for
sizes ranging n = 10 − 25.[1] Interestingly, this result is
in contrast to those for larger iron nano-particles, as well
as for thin films, in which quenching of magnetic moment
has been found upon hydrogen absorption. Similar trend
of quenched magnetic moments upon chemisorption has
also been found in the case of Benzene-capped and CO
molecule coated Co clusters,[2] whereas mere chemisorp-
tion of Oxygen does not affect the magnetization of Co
clusters at all.[3] The adsorption induced magnetism for
Ni-clusters exhibits rather interesting variations. As for
example, the full coverage of Nin clusters by N2 molecules
leads to the quenching of magnetic moment, but it sur-
vives at partial coverage.[4] Similarly, the quenching of
magnetic moment results with a partial adsorption of
NH3 molecules and a complete quenching occurs when
the number of NH3 molecules adsorbed equals to the
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number of surface Ni atoms. Surprisingly, further ad-
sorption leads to reappearance of magnetic moment as a
consequence of the variation of Ni-N distance with cov-
erage of the absorbent.[5] Again, while the adsorptions
of CO and H2 on Ni clusters decrease their magnetic
moments,[6, 7] the adsorption of atomic O on the small
Nin clusters induces either enhanced or reduced mag-
netic moments depending on cluster size, an effect at-
tributed to adsorption induced reconstruction of cluster
structures.[8] Besides the 3d late transition metal clus-
ters, some limited studies of chemisorption on the clus-
ters of 3d early transition metal elements, have also been
reported. Like, adsorption of a single CO molecule on Scn
clusters results quenching in magnetic moment depend-
ing on the size of clusters.[9] In the case of Vn clusters,
adsorption of N2 and NO, O2, C2H4 leads to oscillation
or quenching/enhancement in magnetic moments.[10]
Cu atom has an electronic configuration of 3d104s1
among the 3d transition metal series. It is therefore,
characterized by a closed shell of d electrons and one s
electron in the outermost atomic shell, similar to simple
alkali metal atoms. Cu clusters are, therefore, expected
to share similar properties with alkali metal clusters and
these properties are likely to be described by the shell
model[13] in a first attempt. On the other hand, the en-
ergy level separation between the valence s and d levels
in a copper atom is small, giving rise to significant s-d hy-
bridization. In contrast to alkali metal clusters, this s-d
hybridization also plays important role for deciding many
properties of Cu. Moreover, its role as a magnetic impu-
rity in a semiconductor host, has attracted special atten-
tion for designing diluted magnetic semiconductors and
spintronic systems because of its filled 3d shell and there-
fore of intrinsic nonmagnetic character.[11, 12] Recently,
the possibility of ferromagnetism of Cu-doped GaN with
a Curie temperature above the room temperature, has
been reported.[31] However, the origin of this ferromag-
netism is still being debated.
In this work, we have studied the effect of N-capping
as well as N mono-doping on the structural and magnetic
ar
X
iv
:1
51
2.
07
96
4v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
25
 D
ec
 20
15
2properties of small Cun clusters using first principles den-
sity functional theory (DFT) based electronic structure
calculations. We find that the effects of N-capping are
remarkable with respect to magnetic applications of the
capped systems as the N-capping induces giant magnetic
moments to the capped Cun clusters. Our study reveals
that this enhanced magnetic moment results from the
fact that the N-capping first induces spin polarization to
the Cu-atoms through hybridization of the s-d hybridized
orbitals of Cu atoms with the p orbitals of the capping
N atoms and couples all the atom-centered magnetic mo-
ments ferromagnetically. We also note that such mecha-
nism of induced ferromagnetism of the capped Cu clus-
ters plays a major role in the observed ferromagnetism
of the Cu-doped GaN semiconductors.
In addition, we propose an endohedral doping mech-
anism to enhance the ferromagnetism of the N-capped
systems and thereby using them as building blocks for
constructing highly magnetic materials. A study of the
effect of capping on the structural rearrangement of the
parent cluster would be an important issue if we wish
to examine the origin of the modified properties of the
capped system with respect to its parent cluster.[15] Sur-
prisingly, it may sometimes lead to the formation of cage-
like hollow structures.[16, 17] With respect to such cage
structures, an endohedral doping process i.e. introduc-
ing dopants within the hollow cage, is considered to be
another promising means of tailoring its intrinsic mag-
netic character. This can be seen in various cluster-
fullerene systems, as well as for doped icosahedral-like
structures of many metal clusters.[18, 19] It actually per-
forms a synergistic role in most cases, where it helps to
further stabilize the cage-like structure along with engi-
neering its magnetic properties. For example, while there
is no appreciable spin density on an empty cage of C80
fullerene, the cluster-fullerene Gd3N@C80 forms a sta-
ble magnetic unit with high magnetic moment which is
largely contributed by the localized f electrons of the
Gd atoms.[18] Enhanced magnetic moments of a cage-
like icosahedral M13 clusters ( M = metal atom ) upon
appropriate substitution at the central site, has been ex-
amined extensively.[19] Since the N capped Cun clusters
are interesting for magnetic applications, it is essential
to explore the possibilities of engineering its magnetic
properties further. We have considered a case of cage-
like icosahedral nitrogenated Cu13 cluster and scrutinized
the possibility of using endohedral doping by a Cr atom
for constructing materials with even higher magnetic mo-
ments.
The interesting point of this study is that while the
bare Cu12Cr cluster maintains an icosahedral structure
and has overall zero net magnetic moment, both the
capped systems - Cu13N12 and Cu12CrN12 possess giant
magnetic moments. The maximum value is obtained in
case of the Cu12CrN12 cluster. In the following, we have
first given a brief outline of the background of applied
methodology in the Section II, then a detailed analy-
sis of the results on stability and magnetism in terms of
bonding characteristics and electronic properties in the
Section III. The paper ends with a conclusion in the Sec-
tion IV.
II. COMPUTATIONAL DETAILS.
The calculations reported in this study, were based
on DFT within the framework of pseudo-potential plane
wave method, as implemented in the Vienna ab initio
Simulation Package (VASP).[20] We used the Projected
Augmented Wave (PAW) pseudo-potential [21, 22] cou-
pled with the generalized gradient approximation (GGA)
to the exchange correlation energy functional as formu-
lated by Perdew, Burke and Ernzerhof (PBE).[23] The
3d as well as 4s electrons for Cu/Cr atoms and 2p as
well as 2s electrons for N atoms were treated as valence
electrons and the wave functions were expanded in the
plane wave basis set with the kinetic energy cut-off of
280 eV. The convergence of the energies with respect to
the cut-off value were checked. Reciprocal space inte-
grations were carried out at the Γ point. For the cluster
calculations, a simple cubic super-cell was used with peri-
odic boundary conditions, where two neighboring clusters
were kept separated by around 12 A˚ vacuum space, which
essentially makes the interaction between cluster images
negligible. Symmetry unrestricted geometry optimiza-
tions were performed using the conjugate gradient and
the quasi-Newtonian methods until all the force compo-
nents were less than a threshold value of 0.001 eV/A˚. To
determine the magnetic moment of the minimum-energy
structure in spin polarized scalar relativistic calculations,
the geometry optimization was performed for all the pos-
sible spin multiplicities for each structure under the ap-
proximation of collinear atomic spin arrangements, as fol-
lowed in our recent works.[24] We also considered differ-
ent spin arrangements among the atoms for a particular
spin multiplicity. After all, special care has been taken
to suppress the N-N interactions among the capping N
atoms, in a similar manner of obtaining steric conforma-
tions for surface ligands in case of passivated quantum
dots.[15, 25]
III. RESULTS AND DISCUSSIONS
We have first analyzed the optimized structures, sta-
bility and magnetic properties for the N-capped as well
as N-monodoped Cun clusters in the size range n = 2−6
in Section III A. We have then considered a particular
case of a Cu13 cluster and examined both the effects of
N-capping as well as endohedral Cr-doping for further
tuning the magnetic properties of the Cu13 cluster. The
results related to Cu13 clusters have been discussed in
the Section III B.
3FIG. 1: (Color online) Geometries of the capped CunNn and mono-doped CunN clusters in their ground states for n = 2-6. The
violet colored larger balls and red colored smaller balls represent Cu and N atoms respectively. The numbers in the parenthesis,
represent the values of energy gain (∆0c for the capped systems and ∆
0
m for the mono-doped systems) and the total magnetic
moment respectively for the respective ground state.
A. Capped and mono-doped Cun clusters (n =
2−6)
Any theoretical study on the precise determination of
the properties of an atomic cluster, first demands the
determination of its minimum energy structure (MES)
in complex potential energy surface. We have, there-
fore, first determined the MES for the pure Cun clus-
ters with n = 2−6 by relaxing the atomic positions and
by minimizing both the total energy and spin. Several
most probable initial configurations were tried to ensure
that the optimized structure does not correspond to a lo-
cal minimum. Our results indicate planar structures for
each of the pure clusters in accordance with the previous
reports.[26] For example, the calculated MES of the Cu3
cluster, has a triangular shape and this triangular unit
constitutes the building block for the MES of the sub-
sequent higher sized clusters. Likewise, the Cu4 cluster
adopts a rectangular shape, consisting of two triangles,
the Cu5 cluster adopts a trapezoidal shape consisting of
three triangles. Finally, the pure Cu6 cluster has an over-
all triangular shape, where two interpenetrating triangu-
lar Cu3 clusters are clubbed together and therefore, the
composite has four triangular building blocks. Though
bulk copper is nonmagnetic, small copper clusters are
spin polarized and possess some week magnetic moments
due to the presence of the low-coordinated surface atoms.
We found that each of the even-numbered pure Cun clus-
ters has zero magnetic moment as all electrons are paired.
On the other hand, the odd-numbered pure Cun clusters
possess a total magnetic moment of 1 µB each due to
presence of a single unpaired electron. Note that such
odd-even alterations in the magnetic moments has also
been reported previously for the small pure Aun and Cun
clusters.[27]
Unlike the pure clusters, the capped as well as mono-
doped clusters show a structural transition from a 2D
planar to 3D geometries with increasing size for the opti-
mized systems. Fig.1 shows the MESs for the N-caped as
well as N-mono doped Cun clusters for n = 2−6. For the
capped systems, the Cun core adopts a planar geometry
for n =2−3 and it is of 3D geometry for n =4−6. As seen
from the Fig.1 that the ground state structures for each of
the Cu4N4, Cu5N5 and Cu6N6 clusters, contain a tetrahe-
dral Cu4, triangular bi- pyramidal Cu5 and tetragonal bi-
pyramidal Cu6 cores respectively. The first isomer of the
Cu4N4 cluster contains a rectangular Cu4 core which lies
0.2 eV higher in energy from the ground state structure.
Likewise, the first isomers of the Cu5N5 and Cu6N6 clus-
ters contain a square pyramidal Cu5 core and a capped
triangular bi-pyramidal Cu6 core respectively. Our calcu-
lated energy differences between the ground state and the
first isomer of the Cu5N5 and Cu6N6 clusters, are 0.25 eV
and 0.15 eV respectively. Interestingly, the isomers hav-
ing a planar Cun core, are 0.8 eV and 1.02 eV above the
corresponding ground states for the Cu5N5 and Cu6N6
clusters, respectively. Table I provides more information
about the structural parameters of the ground state and
first isomer of the capped clusters. Note that the pre-
ferred spin multiplicities of the first isomers are the same
as that of the ground state structure in case of the Cu4N4,
Cu5N5 and Cu6N6 clusters. For the case of N-mono-
doped systems i.e the CunN clusters, the Cun core adopts
planar shape up to n = 4 and it is of 3D square pyra-
4midal and tetragonal bi-pyramidal shapes for the Cu5N
and Cu6N clusters, respectively. For the later two mono-
doped systems, the isomers having a planar Cun core, are
0.4 eV and 0.89 eV higher in energy from the respective
ground states. A detailed analysis of the ground state
structures of the CunNn clusters, reveals that the aver-
age number of nearest neighbor Cu atoms for a given Cu
atom, is varying as 1, 2, 3, 3.6 and 4 for n = 2, 3, 4, 5 and
6 respectively. The average value of Cu-Cu-N angles also
show interesting variations along the increasing size of the
capped systems, such as 〈Cu − Cu −N〉 = 150◦ , 145◦,
140◦ and 135◦ for the optimal Cu3N3, Cu4N4, Cu5N5
and Cu6N6 clusters respectively. This uniform variation
of 〈Cu − Cu − N〉 angle establishes it as a guiding rule
for the ground state geometries. On the other hand for
the optimized structure of the N-monodoped clusters, the
average value of Cu-N-Cu angles varies around 90◦, such
as 〈Cu−N −Cu〉 = 91.5◦, 89.2◦, 81.7◦, 92.1◦ and 84.9◦
for the optimized Cu2N, Cu3N, Cu4N, Cu5N and Cu6N
clusters, respectively.
We analyzed the energetics of the CunN and CunNn
clusters in terms of the total energies of the pure Cun and
capped/doped systems corresponding to their ground
state structures. For the capped systems i.e CunNn clus-
ters, we have calculated the energy gain, ∆0c in adding n
number of N-atoms to an existing Cun cluster, as ∆
0
c =
-[E(CunNn)-E(Cun)-nE(N)]. Similarly, the energy gain
∆0m for the mono doped systems corresponds to the en-
ergy gain for a single N atom doping. First, the energetics
of the pure Cun clusters have been revised by analyz-
ing their binding energies which are calculated as Eb =
-[E(Cun)-nE(Cu)]. Our calculated binding energies for
the optimized pure Cun clusters are Eb = 2.24 eV, 3.66
eV, 6.33 eV, 8.57 eV and 11.44 eV for n = 2, 3, 4, 5 and
6 respectively. The calculated values of ∆0c and ∆
0
m for
the optimal structure of the respective capped and doped
systems are shown in Fig. 1. It is seen that ∆0c values in-
crease monotonically with increasing cluster size, which
demonstrates increasing stability of the capped systems.
On the other hand, the ∆0m values for the N-mono doped
systems, show an overall decreasing trend with increas-
ing cluster size. However, these values of ∆0m are always
+ve for all the mono doped systems, indicating mono
dopings are also energetically favorable. In order to un-
derstand the enhancement in stability, specially of the
capped systems, we have analyzed the nature of the Cu2
and CuN dimers bonding as well as the overall variation
in the average Cu-Cu and Cu-N bond lengths in the op-
timized structures of the pure, mono-doped and capped
systems as shown in Fig. 2. In the atomic structure of
a copper atom, the valence 3d shell is completely filled
with a single 4s electron outside it. Therefore, two Cu
atoms in a Cu2 dimer, are coupled by week σ bond re-
sulting in a larger bond length of 2.22 A˚. Note that the
estimated bond length of the Cu2 dimer is in excellent
agreement with its experimental value.[28] When a ni-
trogen atom is attached to form a CuN dimer, the s-d
hybridized electrons of the copper atom interacts with
the 2p3 electrons of nitrogen atom resulting in a stronger
bond and thereby a shorter bond length of 1.75 A˚ for a
CuN dimer. The charge density contour plot of the Cu2
and CuN dimers as shown in the Fig. 2 demonstrates
this type of bonding. Fig. 2 also shows that the av-
erage Cu-Cu bond lengths is larger in the mono-doped
as well as capped systems compared to that in the pure
Cun clusters. It indicates that the Cu-Cu bond strength
decreases upon the capping/doping. The enhanced sta-
bility of the capped systems, is therefore mainly caused
by the enhanced stability of the Cu-N bonds, as the num-
ber of Cu-N bonds in the ground state structures of the
capped systems, increases with increasing cluster size.
Finally, we address the the main issue of the mag-
netic behavior for the three different classes of systems.
First, for the pure clusters, the magnetic moments show
an even-odd alternation in accordance with the previous
reports.[27] For each of the even numbered Cun clusters,
all valence electrons are paired, giving a closed shell elec-
tronic structure which results in a zero net magnetic mo-
ment. Conversely, each odd numbered Cun cluster, has
one unpaired electron, which attributes a net magnetic
moment of 1 µB . Our calculated magnetic moments for
the ground state structures of the N-capped as well as N-
monodoped systems, are given in Fig.1. It is seen that the
magnetic moments of the mono-doped systems, also show
an even-odd alteration, but with reversed period with re-
spect to that of the corresponding pure systems. In other
words, a N@Cun cluster has net magnetic moment of 1
µB for the even values of n and zero for the odd values
of n. Considering the case of the ground state structure
of the Cu2N cluster, there is some charge transfer from
N to Cu atoms due to hybridization between N-2p and
Cu-sd orbitals. This results into net magnetic moment
of 1 µB which is solely contributed by the N atom. Simi-
larly for the MES of Cu3N cluster, the s-electron of each
Cu atom gets paired with a p-electron of the N-atom as
there is significant overlap between the Cu and N atoms
(cf. Fig. 1), which now results into its zero net mag-
netic moment. The trend in the net magnetic moments
in the subsequent CunN clusters with n > 3, would be
readily understandable. This is because of the fact that
the systems having odd number of Cu atoms in excess
of 3, such as for the Cu4N and Cu6N clusters, each also
has one unpaired s electron, which gives rise to 1 µB
net magnetic moment. Conversely, all the valence elec-
trons are paired for a mono-doped system having even
number of Cu atoms in excess of 3 Cu atoms such as
Cu5N cluster and it results again zero net magnetic mo-
ment. Note this finding of the low magnetic moments
of the N-monodoped Cun clusters, is in direct contrast
with the case of N-monodoped Mnn clusters, where giant
magnetic moments have been predicted.[29]
In contrast to the mono-doped systems, the optimal N-
capped Copper clusters show significantly enhanced mag-
netic moments. Among the capped systems, first the op-
timized Cu2N2 cluster has a special structure where each
Cu atom is directly connected with both the N atoms
5FIG. 2: (Color online)Plot of charge density contour (upper panels) of Cu2 and CuN dimers and variation of Cu-Cu and Cu-N
bond lengths (lower panels) in the ground state structures of pure, mono-doped and caped systems. Bond lengths of dimers in
the upper panel, are in Angstrom unit.
TABLE I: Total spin, energy difference, 4E with respect to the ground state, average values of Cu-N bond-length and Cu-
Cu-N bond angle, distribution of magnetic moments for the ground state and first isomer of the CunNn clusters. The average
magnetic moments within parenthesis, correspond to d-orbital contribution for Cu-atom and p-orbital contribution for N-atom.
Cluster Total 4E 〈Cu−N〉 〈Cu− Cu−N〉 Average spin (µB/atom)
spin (eV) (A˚) at the site of
(µB) Cu N
Cu3N3 8 0.00 1.78 150
◦ 0.43 (0.29) 1.39 (1.35)
4 0.20 1.77 150◦ 0.31 (0.20) 0.66 (0.64)
Cu4N4 10 0.00 1.78 145
◦ 0.35 (0.26) 1.36 (1.32)
10 0.24 1.77 135◦ 0.36 (0.27) 1.37 (1.34)
Cu5N5 12 0.00 1.77 140
◦ 0.32 (0.25) 1.36 (1.32)
12 0.25 1.77 137◦ 0.31 (0.25) 1.35 (1.32)
Cu6N6 14 0.00 1.78 135
◦ 0.29 (0.24) 1.31 (1.28)
14 0.15 1.78 136◦ 0.29 (0.24) 1.31 (1.29)
and fulfills the perfect charge balance which results a
zero net magnetic moment for it. However, the ground
state structures of the other CunNn clusters have net
magnetic moments of 8 µB , 10 µB , 12 µB and 14 µB re-
spectively for n = 3−6. We find that the enhanced mag-
netic moments of the capped systems, result from the
ferromagnetic coupling among the all N-atoms as well as
Cu-atoms centered magnetic moments. In the N-capped
Cun clusters, Cu atoms become spin polarized because
of charge transfer among the neighboring atoms. This
spin polarization further magnetizes p-electrons of the
N-atoms through p-d hybridization. This hybridization
in turn renders a ferromagnetic coupling state among all
the constituent atoms. In order to understand the mi-
croscopic origin of the enhanced magnetic moments of
the N-capped systems, we have performed the Mullikan
population analysis of spins.[30] In Table I, we provide
information on the magnetic moments at the Cu and N
sites for the ground state as well as first isomer of the
N-capped clusters. We have also listed in Table I, their
total spin, energy difference measured with respect to the
ground state energy, values of 〈Cu − N〉 bond-lengths
and 〈Cu−Cu−N〉 bond angles. The Mullikan analysis
yields an averaged spin magnetic moments of 0.3−0.4 µB
at the Cu site and 1.3−1.5 µB at the N-site. The impor-
tant point to note is that the moments at Cu-sites arise
mainly from Cu-d orbital and from N-p orbital in case
of the N-sites. However, the major contribution to the
enhanced magnetic moments of the N-capped clusters,
arises from the N atoms. Also note that the averaged
magnetic moments at Cu sites of the ground state struc-
tures of the capped clusters, though very small, show an
overall decreasing trend with increasing cluster size. It,
therefore, allows us to go one step forward in generalizing
the net magnetic moments of the ground state structure
of the four N-capped clusters by a formula 2+2x, where
6FIG. 3: (Color online) Plot of spin density surface (upper panels) of the capped systems, CunNn and charge density contours
projected on to the xy plane (lower panels) for the mono doped systems, CunN in their ground state with n = 3 −6. The scale
for charge density which is shown aside in the lower panel, is chosen to be the same for all the mono doped structures, while
an isovalue of 0.1 e−/A˚3 is used for plotting the spin density in the upper panel.
the first ‘2’ denotes the magnetic moment contributed
by the core of Cu atoms, while ‘2x’ is the magnetic mo-
ment contributed by the x number of N atoms attached
as capping. This is a reasonable approximation because
the N-capping allows charge transfer from N-atoms to the
Cu-atoms and induces some magnetic moments to the Cu
atoms totaling around 2 µB for each capped system. For
better understanding of magnetic coupling, we have also
plotted in Fig. 3 the spin density surface corresponding
to the ground state of the CunNn clusters in the upper
panel and charge density contour plot corresponding to
the ground state of the CunN clusters in the lower panels
for the size range n = 3−6. It again clearly indicates the
ferro magnetic coupling of the constituent atom-centered
moments for the capped systems and enhanced hybridiza-
tion tendency for the mono doped systems which results
in their tiny net magnetic moments.
We note that this enhanced ferromagnetism of the N-
capped Cun clusters, has a closed relevance to the ob-
served ferromagnetism of a Cu-doped GaN system. This
is due to the fact that the p-d hybridization mecha-
nism is identified as the main factor for the ferromag-
netic coupling of Cu-dopants in GaN.[31] We have car-
ried out separate studies of the magnetic coupling be-
tween two Cu atoms in a GaN crystal using a 32 atoms
supercell. Two Cu atoms were substituted at different
Ga sites considering the various possibilities such as the
near/far separation of the two dopants as well as their
ferromagnetic/anti-ferromagnetic couplings. We found
that in the MES of the 2Cu@GaN system, the coupling
to be ferromagnetic with magnetic moments of 0.13 µB
at each Cu site.
In order to verify our GGA-DFT results discussed
above, we have also studied the small N-capped Cun
clusters using hybrid DFT functional. We used a
screened form of hybrid functional HSE06 proposed by
Heyd, Scuseria and Ernzerhof with screening parame-
ter 0.206.[32] Note that the hybrid HSE06 functional has
been used recently to correct GGA-DFT predictions of
formation energy of transition metal oxide crystals[33]
as well as of magnetic interaction for transition metal
clusters.[34] We find that the overall trend of enhanced
magnetic moments of the N-capped Cun clusters persists
as found in the case of PBE calculations. In HSE cal-
culations, we find that the N-atom centered magnetic
moments get slightly increased and Cu-atom centered
magnetic moments decrease slightly. This is attributed
to the less hybridization between N-p and Cu-d orbitals.
This is also reflected in slight increase of 〈Cu−N〉 bond-
lengths of the capped clusters in the HSE calculations.
It is thereby confirming that our result of the enhanced
magnetic moments of the N-capped Cun clusters is very
robust irrespective of the choice of DFT functionals. It is
therefore, also very desirable to look for its experimental
verification. Recently, molecular beam deflection exper-
iments have been employed to study magnetic moments
of several capped transition metal clusters.[1, 2] Such ex-
periments would be useful in this respect.
B. Capping and endohedral doping in Cu13 cluster
To study the effect of endohedral doping in a N-capped
cage-like Cu cluster, we consider a particular case of a
Cu13 cluster. First, to determine the MES of a pure
Cu13 cluster, we have considered three most probable
7starting guessed structures, namely icosahedral (ICO),
hexagonal bi-layered (HBL) and buckled bi-planar (BBP)
structures. For the less symmetric HBL/BBP structures,
all the 13 Cu atoms lie on the surface, thereby forming
a cage-like structure. The morphology of an icosahedral
Cu13 cluster can also be regarded as a cage of the twelve
surface Cu atoms, encapsulating another Cu atom at the
center of the cage. It is to be noted that previous works
on small copper clusters indicate a rich variety of struc-
tures and the icosahedral symmetry based structure is
predicted not to be the true ground state structure for a
Cu13 cluster.[26, 35] Our calculated total binding energy
and magnetic moment for the locally optimized three
structures of the Cu13 cluster, are 29.05 eV and 5 µB
respectively for the optimal ICO structure, 29.53 eV and
1 µB respectively for the optimal HBL structure and fi-
nally, 29.65 eV and 1 µB respectively for the optimal
BBP structure. So it is the optimal BBP structure of a
pure Cu13 cluster which appears as its MES in our cal-
culations. Thereafter, each of the three structures was
capped with N-atoms and we explored the potential en-
ergy surface to look for the MES of the N-capped Cu13
cluster. To cap a HBL/BBP structure of the Cu13 clus-
ter, total 13 N atoms have been used to bind with all
its 13 surface Cu atoms. On the other hand, total 12 N
atoms have been attached with its 12 surface Cu atoms
to cap the icosahedral Cu13 cluster. Then each struc-
ture of the N-capped Cu13 cluster, has been optimized
for all possible spin multiplicities. After structural opti-
mization, it is seen that the estimated values of ∆0c/N-
atoms are 1.81 eV, 1.64 eV and 1.65 eV for the optimal
ICO-Cu13N12, BBP-Cu13N13 and HBL-Cu13N13 clusters
respectively. It is therefore, unambiguously showing that
the N-capping to a Cu13 cluster, favors an icosahedral
Cu13 core.
It is also interesting to note that the optimized struc-
ture of the icosahedral Cu13N12 cluster has a total mag-
netic moment of 29 µB which is very large compared
to that of the pure optimal Cu13 cluster and therefore,
the sensitivity of enhanced magnetic moments of a N-
capped Cun cluster to cluster size, is beyond question-
able. Similar to the smaller N-capped Cun clusters, the
large magnetic moment of the Cu13N12 cluster is con-
tributed mainly by the spin polarized N atoms which
carry in this case an average moment of around 1.4 µB/N-
atom. We note that there is a net charge transfer from
the N atoms to the Cu atoms, which creates partial oc-
cupancy in the 3d-orbital of the Cu atoms and thereby,
inducing spin polarization to them. Mulliken popula-
tion analysis shows that the N-capping in the icosahe-
dral Cu13 cluster creates a local magnetic moment of
about 0.25 µB/atom to the surface Cu atoms. Above all,
the spin-polarized N atoms are ferromagnetically coupled
among themselves and also with the Cu-atom centered
moments which results the giant net magnetic moment.
The interesting point is that the magnetic moment of
the Cu13N12 cluster can be further improved by the sub-
stitution of the central Cu atom by a Cr atom. Recently,
FIG. 4: (Color online) Plot of spin density surface (upper
panel) and projected density of states (lower panel) for the
ground state structures of Cu13N12 and Cu12CrN12 clusters.
The green colored ball in the Cu12CrN12 cluster structure,
represents the Cr atom. Isovalue of 0.1 e−/A˚3 and smearing
width of 0.1 eV are used in the plots of spin density and PDOS
respectively.
FIG. 5: (Color online) Plot of charge transfers, ∆ρ for the
ground state structures of Cu13N13 and Cu12CrN13 clusters.
The isovalue is chosen at 0.03 e−/A˚3. The red (blue) colored
surface represents the accumulated (depleted) charge.
the role of Cr atom as an endohedral dopant for con-
structing molecular units of highly magnetic functional-
ized materials, has been investigated for hydrogenated Si
fullerenes.[36] With this in view, we have explored the ef-
fects of Cr substitution at one Cu-site in the icosahedral
Cu13N12 cluster. We find that the optimized Cr-doped
cluster prefers to have the Cr-substitution at the central
site and it possesses a higher net magnetic moment of 34
µB along with a substantial energy gain of ∆
0
c = 18.1 eV.
It is also important to note that a optimized bare Cu12Cr
cluster has zero net magnetic moment. Therefore, the N-
capped Cr-encapsulated Cu13 cluster shows significant
improvement in magnetic moment as compared to that
8of the bare pure Cu13 cluster as well as Cu12Cr cluster.
Though the magnetic moments of the Cu and N atoms
are enhanced after Cr-substitution, it is the moment of
the Cr impurity which contributes the most to the extra
magnetic moment of the Cu12CrN12 cluster as compared
to that of the Cu13N12 cluster. Moreover, all the atomic
moments are ferromagnetically aligned. Fig. 4 shows
the spin density plots for the optimized structures of the
Cu13N12 and Cu12CrN12 clusters. It clearly indicates the
ferromagnetic alignments of the constituents in the two
systems. Further, to understand the effects of N-cappings
on the magnetic properties of the pure Cu13 cluster and
the endohedral Cr-doped Cu13 cluster, we have also plot-
ted in the Fig. 4, the projected density of states (PDOS)
of the different species of atoms in the two systems. Com-
paring the plot of the PDOS of the optimized Cu13N12
and Cu12CrN12 clusters, we see that there is hardly any
changes in the Cu-PDOS and N-PDOS between the two
systems. For the Cr-PDOS of the Cu12CrN12 cluster,
there is, however, significant difference between its ma-
jority and minority spin channels, which indicates the
large magnetic moment character of the Cr atom. Mul-
liken population analysis of spins shows that the unpaired
electrons of the central Cr-atom, indeed reside predomi-
nantly with it and do not appreciably hybridize with the
cage atoms. This is also reflected in the lower value of
∆0c for the optimal Cu12CrN12 cluster than that of the
optimal Cu13N12 cluster. The interaction of the central
Cr-atom with the cage-atoms seems largely mediated via
the Cr-4s state, which is possibly also manifested by the
observed symmetric position of the Cr atom right at the
center of the optimized cage.
To have a clear understanding of the nature of inter-
actions of the central atom with the surrounding 12 Cu
atoms and also that of the capping agents, N atoms with
the surface Cu atoms, we have calculated the charge den-
sity difference, ∆ρ as
∆ρ = ρ(C12CrN12)− ρ(Cu12)− ρ(Cr)− ρ(N12)
where ρ(Cu12CrN12) is the total charge density of the op-
timized Cu12CrN12 cluster and the rest are charge densi-
ties of the isolated atoms for each species. The +ve value
of ∆ρ indicates accumulated charge and −ve value for the
depleted charge. Analysis of ∆ρ, therefore, gives us clues
about the overall charge redistribution after introducing
the Cr atom at the central site. Fig. 5 shows the plot
of ∆ρ for the MESs of the Cu13N12 and Cu12CrN12 clus-
ters. It clearly indicates more accumulation of charge at
the central Cr site of the Cu12CrN12 cluster, implying
its high magnetic character and weak interaction with
the surface Cu-atoms. Our Mulliken population analy-
sis shows that it results in a Cr-atom-centered magnetic
moment of around 3.2 µB and it is predominantly con-
tributed by its d orbital.
IV. SUMMARY AND CONCLUSIONS
In summary, N-capping is more promising than N-
monodoping in inducing giant magnetic moment in a
Cu cluster. The N-capping is associated with enhanced
hybridization of the valance p orbitals of N atoms with
the s-d hybridized orbitals of the Cu atoms and it in-
duces spin polarization to the Cu atoms. The ferro-
magnetic coupling among the constituent atoms gives
rise to the giant magnetic moments for the capped sys-
tems. This study also shows that the magnetism of the
N-capped cage-like structures of a Cu cluster, can be
enhanced further upon Cr encapsulation. As the op-
timal Cu12CrN12 cluster possesses both enhanced hy-
bridization among the valence orbitals of the constituent
atoms as well as larger net magnetic moments, a Cr-
encapsulated cage-like structure of N-capped Cu cluster,
may be a better candidate for dilute magnetic semicon-
ductors and experimental investigations in this direction
would be exciting.
Acknowledgments
We are grateful to Prof. T. Saha-Dasgupta for pro-
viding the computational facilities as well as for many
simulating discussions. S.D. thanks Department of Sci-
ence and Technology, India for support through INSPIRE
Faculty Fellowship, Grant No. IFA12-PH-27.
[1] M. B. Knickelbein, Chem. Phys. Lett. 353, 221 (2002).
[2] M. B. Knickelbein, J. Chem. Phys. 125, 044308 (2006);
C. Jo and J. I. Lee, J. Mag. Mag. Mat. 321, 47 (2009).
[3] S. Pick and H. Dreysse, Phys. Rev. B 59, 4195 (1999).
[4] F. A. Reuse, S. N. Khanna, B. V. Reddy and J. Buttet,
Chem. Phys. Lett. 267, 258 (1997).
[5] B. Chen, A. W. Castleman Jr., S. N. Khanna, Chem.
Phys. Lett. 304, 423 (1999); B. Chen, A. W. Castleman
Jr., C. Ashman, S. N. Khanna, International Journal of
Mass Spectrometry 220, 171 (2002).
[6] M.B. Knickelbein, J. Chem. Phys. 115, 1983 (2001).
[7] M. B. Knickelbein, J. Chem. Phys. 116, 9703 (2002); R.
Banerjee, S. Datta and A. Mookerjee, Physica B 419, 86
(2013).
[8] R. Fournier and D. R. Salahub, Surface Science 245, 263
(1991).
[9] G. Wu, J. Wang, Y. Lu and M. Yang, J. Chem. Phys.
128, 224315 (2008).
[10] J. Du, M. Yang and J. Wang, J. Phys. Chem. A 115,
10259 (2011); G. Wu, M. Yang, X. Guo and J. Wang, J.
Computational Chem. 33, 1854 (2012).
[11] D. B. Buchholz, R. P. H. Chang, J. -Y. Song and J. B.
Ketterson, Appl. Phys. Lett. 87, 082504 (2005); T. S.
Herng, D.-C. Qi, T. Berlijn, J. B. Yi, K. S. Yang, Y.
Dai, Y. P. Feng, I. Santoso, C. Sa´nchez-Hanke, X. Y.
Gao, Andrew T. S. Wee, W. Ku, J. Ding, and A. Rusydi,
9Phys. Rev. Lett. 105, 207201 (2010).
[12] M. S. Park and B. I. Min, Phys. Rev. B 68, 224436
(2003); X. Feng, J. Phys. : Condens. Matter 16, 4251
(2004); L. H. Ye, A. J. Freeman and B. Delley, Phys.
Rev. B 73, 033203 (2006).
[13] S. G. Frauendorf and C. Guet, Annu. Rev. Nucl. Sci. 51,
219 (2001); K. E. Schriver, J. L. Persson, E. C. Honea,
and R. L. Whetten, Phys. Rev. Lett. 64, 2539 (1990).
[14] J.-H. Lee, I.-H. Choi, S. Shin, S. Lee, C. Whang, S.-C.
Lee, K.-R. Lee, J.-H. Baek, K. H. Chae and J. Song,
Appl. Phys. Lett. 90, 032504 (2007); H. K. Seong, J. J.
Kim, S.-C. Lee, S. R. Kim, J.-Y. Kim, T.-E. Park and
H.-J. Choi, Nano Lett. 7, 3366 (2007).
[15] S. Datta, M. Kabir, T. Saha-Dasgupta and D. D. Sarma,
J. Phys. Chem. C, 112, 8206 (2008); S. Datta, M. Kabir
and T. saha-dasgupta, Phys. Rev. B, 86, 115307 (2012).
[16] V. Kumar, Y. Kawazoe, Phys. Rev. Lett. 87, 045503
(2001); J. Lu and S. Nagase, Phys. Rev. Lett. 90, 115506
(2003); V. Kumar, A. K. Singh, Y. Kawazoe, Phys. Rev.
B 74, 125411 (2006).
[17] L. Guo, G. Zhao, Y. Gu, X. Liu, Z. Zeng, Phys. Rev.
B 77, 195417 (2008); D. Palagin, M. Gramzow, K.
Reuter, J. Chem. Phys. 134, 244705 (2011); P. Claes,
E. Janssens, V. T. Ngan, P. Gruene, J. T. Lyon, D. J.
Harding, A. Fielicke, M. T. Nguyen, P. Lievens, Phys.
Rev. Lett. 107, 173401 (2011).
[18] W. Fu, J. Zhang, T. Fuhrer, H. Champion, K. Furukawa,
T. Kato, J. E. Mahaney, B. G. Burke, K. A. Williams,
K. Walker, C. Dixon, J. Ge, C. Shu, K. Harich and H. C.
Dorn, J. Am. Chem. Soc. 133, 9741 (2011).
[19] S. Datta, M. Kabir, A. Mookerjee and T. Saha-Dasgupta,
Phys. Rev. B 83, 075425 (2011); Q. Jing, H.-B. Cao, G.-
X. Ge, Y. X. Wang, H.-X. Yan, Z.-Y. Zhang and Y.-H.
Liu, J. Comput. Chem. 32, 2474 (2011); S. Ganguly, M.
Kabir, S. Datta, B. Sanyal and A. Mookerjee, Phys. Rev.
B 78, 10 (2008).
[20] Vienna ab initio simulation package (VASP), Technische
Universita¨t Wien, 1999; G. Kresse and J. Hafner, Phys.
Rev. B 47, 558 (1993); G. Kresse and J. Furthmuller,
Phys. Rev. B 54, 11169 (1996).
[21] P. E. Blo¨chl, Phys. Rev. B 50, 17953 (1994).
[22] G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999).
[23] J. P. Perdew, K. Burke and M. Ernzerhof, Phys. Rev.
Lett. 77, 3865 (1996).
[24] S. Datta, M. Kabir, S. Ganguly, B. Sanyal, T. Saha-
Dasgupta and A. Mookerjee, Phys. Rev. B 76, 014429
(2007); S. Datta, M. Kabir and T. Saha-Dasgupta,
Phys. Rev. B 84, 075429 (2011); S. Datta and T. Saha-
Dasgupta, J. Phys. : Condens. Matter 26, 185004 (2014).
[25] S. Kilina, S. Ivanov and S. Tretiak, J. Am. Chem. Soc.
131, 7717 (2009).
[26] G. H. Guvelioglu, P. Ma, X. He, R. C. Forrey and H.
Cheng, Phys. Rev. B 73, 155436 (2006).
[27] M. Zhang, L.-M. He, L.-X. Zhao, X.-J. Feng, W. Cao, Y.-
H. Luo, J. Mol. Struct.(THEOCHEM) 911, 65 (2009);
X.-J. Kuang, X.-Q. Wang and G.B. Liu, J. Chem. Sci.
123, 743 (2011).
[28] V. G. Grigoryan, D. Alamanova and M. Springborg, 73,
115415 (2006).
[29] B. K. Rao and P. Jena, Phys. Rev. Lett. 89, 185504
(2002).
[30] R. S. Mulliken, J. Chem. Phys. 23, 1833 (1955).
[31] R. Q. Wu, G. W. Peng, L. Liu, Y.P. Feng, Z. G. Huang,
and Q. Y. Wu, Appl. Phys. Lett. 89, 062505 (2006).
[32] J. Heyd, G. E. Scuseria and M. Ernzerhof, J. Chem. Phys.
118, 8207 (2003); J. Heyd, G. E. Scuseria and M. Ernz-
erhof, J. Chem. Phys. 124, 219906 (2006).
[33] V. L. Chevrier, S. P. Ong, R. Armiento, M. K. Y. Chan
and G. Ceder, Phys. Rev. B 82, 075122 (2010).
[34] M.J. Piotrowski, P. Piquini, L. Candido and J. L. F. Da
Silva, Phys. Chem. Chem. Phys. 13, 17242 (2011).
[35] G. H. Guvelioglu, P. Ma, X. He, R. CC. Forrey and H.
Cheng, Phys. Rev. Lett. 94, 026103 (2005).
[36] D. Palagin and K. Reuter, ACS Nano 7, 1763 (2013); D.
Palagin and K. Reuter, Phys. Rev. B 86, 045416 (2012).
